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►  Ni(OH)2  embedded  in  carbon  nano¬ 
tubes  as  pillars  for  graphene  sheets 
was  prepared. 

►  The  composite  showed  a  high 
specific  capacitance  and  good  cycle 
stability. 

►  High  performance  is  due  to  the 
unique  3D  nanostructure  of  the 
capacitor  electrode. 
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A  novel  3D  nanostructure  consisting  of  Ni(OH)2  nanoparticles,  carbon  nanotubes  (CNTs),  and  reduced 
graphene  oxide  with  an  extremely  high  electrocapacitance  is  described.  The  nanostructure  consists  of 
CNTs  with  embedded  Ni(OH)2  nanoparticles  as  pillars  for  reduced  graphene  oxide  sheets.  Electro¬ 
chemical  results  show  that  the  composite  displays  specific  capacitances  as  high  as  1235  and  780  F  g-1  at 
current  densities  of  1  and  of  20  A  g-1,  respectively.  In  addition,  the  composite  retains  80%  of  its  original 
capacity  after  500  cycles  at  a  discharge  current  density  of  10  A  g-1.  This  3D  pseudocapacitor  electrode  has 
a  number  of  important  features,  such  as  fast  ion  and  electron  transfer,  easy  access  of  pseudoactive  species 
and  efficient  utilization,  and  excellent  reversibility  of  Ni(OH)2  nanoparticles. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nickel  hydroxide,  Ni(OH)2,  has  been  widely  used  as  a  positive 
electrode  in  commercial  alkaline  rechargeable  batteries  [1—3]. 
Recent  research  results  have  shown  that  it  is  also  a  promising 
candidate  for  pseudocapacitors  owing  to  its  well-defined  electro¬ 
chemical  redox  activity,  high  specific  capacitance,  low  cost,  and  the 
availability  of  various  morphologies  [4-9].  The  major  issues 
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associated  with  Ni(OH)2  when  used  as  an  electrode  are  its  poor 
electrical  conductivity  and  volume  expansion  or  swelling  during 
charge/discharge  cycles,  especially  for  high-rate  applications 
[10,11].  Therefore,  considerable  effort  has  been  made  to  improve 
the  electrochemical  performance  of  Ni(OH)2  by  tuning  its 
morphology  at  nanoscale  [10,12-15]  and  modifying  it  to  make 
composite  materials  [8,9,16-18].  The  highest  specific  capacitance 
observed  on  a  Ni(OH)2-nickel  foam  composite  is  3152  F  g-1  at 
a  current  density  of  4  A  g_1  [9].  However,  the  composite  displayed 
a  significant  capacitance  loss  —  about  50%  of  initial  capacitance  loss 
after  300  cycles.  In  addition,  the  specific  capacitance  was  dropped 
to  280  F  g-1  at  a  current  density  of  16  A  g-1.  Wang  and  co-workers 
[8,19]  described  a  two-step  method  to  grow  Ni(OH)2  nanocrystals 
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on  graphene.  The  authors  observed  that  highly  crystalline  Ni(OH)2 
nanoplates  grown  on  high-quality  graphene  sheets  possessed 
a  specific  capacitance  of  about  935  F  g-1. 

Three-dimensional  (3D)  nanoporous  structures  have  been 
shown  to  have  advantages  in  many  technological  applications,  such 
as  hydrogen  storage  [20]  and  supercapacitors  [21-23].  Recently,  we 
have  demonstrated  an  approach  to  the  preparation  of  porous 
conducting-polymer-pillared  graphene  oxide  (GO)  and  reduced 
graphene  oxide  (RGO)  sheets  [24,25].  We  have  also  reported 
a  method  for  the  preparation  of  3D  porous  carbon-nanotube- 
pillared  GO  and  RGO  nanostructures  [26].  Excellent  electrical 
conductivity,  efficient  electron  transfer  and  high  specific  surface 
area  were  observed  from  the  carbon-nanotube-pillared  RGO 
composite. 

On  the  basis  of  our  previous  studies  [24-26],  we  here 
demonstrate  an  approach  to  preparing  graphene-based  composite 
materials  consisting  of  RGO  sheets,  Ni(OH)2  nanoparticles  and 
carbon  nanotubes  (CNTs).  The  composite  materials  displayed  an 
excellent  electrochemical  performance  as  a  pseudocapacitor  elec¬ 
trode  with  specific  capacitances  of  1235  F  g-1  at  a  current  density 
of  1  A  g-1  and  780  F  g-1  at  a  higher  current  density  of  20  A  g  \  as 
well  as  a  good  cycle  stability.  The  superior  electrochemical 
performance  of  the  composite  materials  is  attributed  to  the 
desirable  3D  conducting  architecture  and  the  well-defined  redox 
properties  of  the  Ni(OH)2  nanoparticles.  To  the  best  of  our 
knowledge,  this  is  the  first  work  demonstrating  the  preparation  of 
3D  CNT-pillared  RGO  sheets  with  embedded  Ni(OH)2  nanoparticles 
for  pseudocapacitors. 

2.  Experimental  section 

2.1.  Preparation  of  GO  and  RGO 

The  GO  dispersion  was  prepared  by  sonication  of  graphite  oxide, 
which  was  prepared  from  natural  graphite  (crystalline  graphite 
flakes,  particle  size  ranging  from  45  to  500  pm,  carbon  content  was 
99%)  using  a  modified  Hummers  method  [25,27].  5  g  of  graphite 
and  2.5  g  of  NaN03  were  mixed  with  120  mL  of  H2SO4  (95  wt%)  in 
a  500  mL  flask.  The  mixture  was  stirred  for  30  min  in  an  ice  bath. 
While  maintaining  vigorous  stirring,  15  g  of  KMn04  was  added.  The 
rate  of  addition  was  carefully  controlled  to  keep  the  reaction 
temperature  below  20  °C.  The  ice  bath  was  then  removed  and 
the  mixture  was  stirred  at  room  temperature  for  about  12  h.  As  the 
reaction  progressed,  the  mixture  gradually  became  pasty,  and  the 
color  turned  into  light  brownish.  150  mL  of  deionized  (DI)  water 
was  slowly  added  to  the  mixture  under  vigorous  agitation.  The 
reaction  temperature  was  rapidly  increased  to  98  °C  with  effer¬ 
vescence,  and  the  color  changed  to  yellow.  After  the  diluted 
suspension  was  stirred  for  24  h,  50  mL  of  30%  H2O2  was  added.  The 
mixture  was  washed  with  5%  HC1  and  then  DI  water  for  several 
times  to  obtain  solid  GO.  Dispersion  of  the  GO  in  water  was  con¬ 
ducted  under  sonication. 

The  reduction  of  GO  was  carried  using  the  sodium  borohydride 
reduction  method  [26].  0.3  g  of  GO  was  dispersed  in  100  mL  of  DI 
water.  The  GO  solution  was  sonicated  for  about  20  min.  0.4  g  of 
sodium  borohydride  was  then  added  and  the  mixture  was  heated 
in  an  oil  bath  at  100  °C  for  24  h.  The  final  RGO  sample  was  ob¬ 
tained  after  repeated  washing  with  DI  water  followed  by 
centrifugation. 

2.2.  Preparation  of  RGOCNTs 

The  RGOCNT  nanocomposites  were  prepared  using  the  CVD 
method  [26].  2  g  of  sodium  dodecyl  sulfate  (SDS,  Merck)  was  dis¬ 
solved  in  40  mL  of  DI  water.  20  mL  of  RGO  dispersion  of 


concentration  5  mg  mL-1  was  added  into  the  above  solution.  After 
the  mixture  was  sonicated  for  about  20  min,  1.74  g  of  nickel  nitrate 
hexahydrate  (Ni(N03)2  -6H20,  Alfa  Aesar)  dissolved  in  20  mL  of  DI 
water  was  added  dropwise  under  vigorous  stirring.  The  resulting 
mixture  was  diluted  with  DI  water  to  have  a  total  volume  of  120  mL 
and  heated  to  90  °C  under  stirring.  After  16  h,  the  mixture  was 
evaporated  and  dried  in  air  at  60  °C  for  24  h  to  obtain  Ni-loaded 
RGO  platelets.  The  Ni/C  ratio  (mass  ratio  between  Ni(N03)2-6H20 
and  RGO)  was  varied  to  be  0.6,  2  and  4  to  change  the  loading  of  Ni 
catalyst.  The  amount  of  SDS  was  adjusted  according  to  the  amount 
of  Ni(N03)2-6H20  added. 

The  growth  of  CNTs  was  conducted  on  the  Ni-loaded  RGO  at 
850  °C  using  the  CVD  method  with  acetonitrile  as  the  carbon 
source  as  has  been  described  previously  [28].  The  CVD  deposition 
time  was  varied  from  15  min  to  30  min  to  control  the  length  of 
the  CNTs.  The  samples  are  denoted  as  RGOCNT-X-Y,  where  X 
stands  for  CVD  time  (15  or  30  min)  while  Y  refers  to  the  Ni 
catalyst  loading  expressed  using  Ni/C  ratio.  For  examples,  sample 
RGOCNT- 15-4  was  prepared  using  a  Ni/RGO  ratio  of  4  and  a  CVD 
time  of  15  min  while  GOCNT-30-2  was  obtained  from  Ni/C  ratio 
of  2  and  CVD  time  of  30  min.  For  comparison  purpose,  GO  was 
also  used  as  substrate  to  prepare  GOCNT-15-4  composite  fol¬ 
lowed  exactly  the  same  procedure  as  that  described  for  RGOCNT- 
15-4. 

2.3.  Characterization 

The  microscopic  feature  of  the  samples  was  observed  on 
a  FESEM  (JSM  6700F,  JEOL  Japan)  operated  at  10  kV  and  a  TEM 
(JEM  2010,  JEOL,  Japan)  operated  at  200  kV.  The  pore  structure  of 
the  sample  was  investigated  using  physical  adsorption  of 
nitrogen  at  the  liquid-nitrogen  temperature  (77  K)  on  an  auto¬ 
matic  volumetric  sorption  analyzer  (NOVA1100,  Quantachrome). 
Prior  to  measurement,  a  sample  was  vacuum-degassed  at  200  °C 
for  5  h.  The  specific  surface  area  (SBet)  was  determined  according 
to  the  Brunauer— Emmett-Teller  (BET)  method  in  the  relative 
pressure  range  of  0.01-0.2.  The  total  pore  volume  (Vt)  was  ob¬ 
tained  from  the  volume  of  nitrogen  adsorbed  at  a  relative  pres¬ 
sure  of  0.99.  X-ray  diffraction  (XRD)  patterns  were  collected  on  an 
XRD-6000  (Shimadzu,  Kyoto,  Japan)  with  Cu  Ka  radiation 
(A  =  1.5418  A)  as  the  X-ray  source.  XPS  analysis  was  carried  out  on 
an  AXIS  HSI  165  spectrometer  (Kratos  Analytical)  using  a  mono- 
chromatized  Al  Ka  X-ray  source  (1486.71  eV).  The  EIS  was 
collected  using  an  Autolab  PGSTAT302N  with  amplitude  of  10  mV 
in  the  frequency  range  from  100  kHz  to  1  mHz  at  room 
temperature.  The  electrical  conductivities  were  measured  on 
pellets  (13  mm  in  diameter,  with  top  and  bottom  electrodes), 
which  was  prepared  under  a  pressure  of  500  kg  at  room 
temperature  [29]. 

2.4.  Measurement  of  electrochemical  properties 

A  three-electrode  cell  system  was  used  to  evaluate  the  electro¬ 
chemical  performance  using  both  the  CV  and  galvanostatic  charge- 
discharge  techniques  on  an  Autolab  PGSTAT302N  at  room 
temperature.  The  working  electrode  was  prepared  by  casting 
a  nafion-impregnated  sample  onto  a  glassy  carbon  electrode  with 
diameter  of  5  mm  [24,25].  Typically,  5  mg  composite  material  was 
dispersed  in  1  mL  ethanol  solution  containing  5  pL  nation  solution 
(5  wt%  in  water)  by  sonication  for  20  min.  This  sample  (40  pL)  was 
then  dropped  onto  the  glassy  carbon  electrode  and  dried  in  an  oven 
before  the  electrochemical  test.  The  mass  loading  of  the  sample  on 
the  glassy  carbon  electrode  is  1  mg  cm-2. 

Prior  to  the  electrocapacitive  measurements,  all  the  RGOCNT 
and  GOCNT  composite  electrodes  were  subjected  to  the  cyclic 
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Scheme  1.  Schematic  illustration  of  the  experimental  steps  for  the  preparation  of  Ni(OH)2  embedded-carbon-nanotube-graphene  composite. 


voltammetry  sweep  at  the  scan  rate  of  5  mV  s”1  in  the  potential 
range  of  -1.0  V-0.1  V  to  electrochemically  convert  the  nickel 
nanoparticles  to  nickel  hydroxides  in  a  6  M  KOH  electrolyte 
solution.  Afterward,  the  electrochemical  properties  of  the 


sample  were  evaluated  in  the  potential  range  of  -0.1  V-0.4  V. 
The  specific  gravimetric  capacitance  (C  in  F  g-1)  was  obtained 
from  the  discharge  curve  according  to  the  following  equation 
[30,31]: 


Fig.  1.  FESEM  images  of  (a)  restacked  RGO  platelets  after  impregnation  with  nickel  nitrate,  (b)  RGOCNT  composite  after  CVD  of  15  min,  (c)  sample  RGOCNT-15-0.6,  (d)  sample 
RGOCNT-15-4,  and  (e)  sample  RGOCNT-30-2.  (f)  TEM  image  of  sample  RGOCNT-15-4. 
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where  /  is  the  current  loaded  (A),  At  is  the  discharge  time  (s),  AV  is 
the  potential  change  during  discharge,  and  m  is  the  mass  of  active 
material  in  a  single  electrode  (g). 

3.  Results  and  discussion 

The  experimental  steps  for  the  preparation  of  samples  are 
illustrated  in  Scheme  1.  The  details  for  the  preparation  of  CNT- 
pillared  RGO  (RGOCNT)  can  be  found  elsewhere  [26].  The 
Ni(OH)2-embedded  RGOCNT  was  obtained  through  electro¬ 
chemical  conversion  of  the  nickel  nanoparticles  in  an  alkaline 
solution  using  the  cyclic  voltammetry  technique  (see  details  in  the 
experimental  section).  Fig.  la  shows  the  scanning  electron 
microscopy  (SEM)  image  of  the  restacked  RGO  platelets  after 
impregnation  with  nickel.  A  layered  RGO  structure  can  be  clearly 
seen.  After  the  growth  of  CNTs  using  the  chemical  vapor  deposition 
(CVD)  method  with  acetonitrile  as  the  carbon  source  for  15  min,  the 
layered  structure  was  well  maintained,  but  with  a  significant 
volume  expansion  as  can  be  seen  from  Fig.  lb.  The  magnified  field- 
emission  scanning  electron  microscopy  (FESEM)  image  shown  in 
the  inset  of  Fig.  lb  clearly  reveals  the  growth  of  CNTs  between  RGO 
platelets.  The  growth  of  the  CNT  pillars  can  be  controlled  by  the 
loading  amount  of  nickel  catalyst  and  the  CVD  time  [26].  Fig.  lc,d 
show  the  FESEM  images  of  various  CNT-pillared  RGO  composites 
with  different  amounts  and  lengths  of  CNTs.  Samples  RGOCNT-15- 
0.6  and  RGOCNT-15-4  prepared  with  a  shorter  CVD  time  (Fig.  lc,d) 
displayed  a  layered  structure  with  short  CNTs  between  the  RGO 
platelets.  Increasing  the  CVD  time  from  15  min  to  30  min  resulted  in 
CNT  pillars  of  long  length.  It  is  also  seen  that  CNTs  covered  the 
external  surface  of  sample  RGOCNT-30-2  (Fig.  le).  The  detailed 
structure  of  the  CNT  pillars  in  sample  RGOCNT-15-4  can  be  seen 
from  the  transmission  electron  microscopy  (TEM)  image  in  Fig.  If. 
The  inset  in  Fig.  If  revealed  that  the  nickel  catalyst  particles  resided 
at  the  top  of  the  CNT,  implying  a  tip  growth  mechanism  for  the 
CNTs  [32].  A  high-magnification  TEM  image  showed  that  the 
graphitic  multi-layered  walls  of  CNT  aligned  parallel  to  the  tube 
axis.  The  wall  thickness  and  the  diameter  of  the  CNT  were  about  9 
and  36  nm,  respectively.  A  careful  observation  of  the  TEM  image 
showed  that  one  nickel  catalyst  particle  was  half-embedded  in  the 
tip  of  each  CNT  with  another  half  of  the  catalyst  particle  exposing  to 
the  surrounding  environment.  This  is  very  important  as  such  a  Ni 
structure  would  allow  not  only  a  strong  interaction  between  the 
particle  and  the  CNT,  but  also  make  it  available  for  subsequent 
electrochemical  reactions. 

The  electrochemical  conversion  of  metallic  nickel  to  nickel 
hydroxide  in  an  alkaline  solution  has  been  decomented  [3,33,34].  In 
this  work,  we  used  the  cyclic  voltammetry  (CV)  method  to  convert 
the  nickel  nanoparticles  to  Ni(OFI)2  in  order  to  utilize  its  highly 
reversible  redox  property  in  an  alkaline  electrolyte.  As  can  be  seen 
from  Fig.  SI,  in  the  potential  range  of  -1.0-0.1  V,  irreversible 
chemical  reactions  occurred  as  evidenced  by  the  single  anodic 
current  peak  in  the  first  cyclic  voltammetry  cycle.  This  peak 
corresponds  to  the  reaction  of  nickel  particles  in  the  alkaline 
solution  (Ni  +  20H-1  =  Ni(OFI)2  +  2e_1)  [34].  In  the  following 
cycles  in  the  same  potential  range,  the  CV  curves  showed  a  fairly 
rectangular  shape,  which  is  typical  for  an  electrical  double  layer 
capacitance. 

X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  analyze  the 
nickel  composition  before  and  after  the  electrochemical  conversion 
for  sample  RGOCNT-15-4.  The  Ni  2p3/2  core-level  XPS  spectrum 
(Fig.  2)  showed  one  sharp  peak  centered  at  852.7  eV,  corresponding 
to  the  metallic  state  of  nickel  [35].  After  the  electrochemical 


conversion,  the  Ni  2p3/2  peak  shifted  to  a  higher  binding  energy  at 
855.8  eV,  which  is  corresponding  to  nickel  hydroxide  [17].  Fig.  S2 
shows  the  X-ray  diffraction  (XRD)  patterns  of  the  RGOCNT  sample 
before  and  after  electrochemical  conversion  (EC).  The  presence  of 
pure  metallic  Ni  on  the  sample  before  EC  can  be  clearly  seen  (JCPDS 
No.  04-850).  After  EC,  the  characteristic  peaks  of  metallic  Ni  dis¬ 
appeared  while  small  peaks  at  33.1, 38.4  and  52.1  degrees  two  theta 
appeared.  These  peaks  are  attributed  to  Ni(OFI)2  [8].  Both  the  XPS 
and  XRD  results  confirmed  the  conversion  of  metallic  nickel 
particles  to  nickel  hydroxide  during  the  EC  reaction. 

The  electrochemical  properties  of  the  Ni(OFI)2-embedded- 
RGOCNT-15-4  composite  were  evaluated  and  the  results  are  shown 
in  Fig.  3.  From  the  CV  curves  of  sample  RGOCNT-15-4  measured  in 
the  potential  range  of  -0.1 -0.4  V  at  various  scan  rates  (Fig.  3a), 
a  pair  of  very  strong  redox  current  peaks  can  be  seen.  This  is  due  to 
the  reversible  reaction  between  Ni  (II)  and  Ni  (III)  [8-10,17].  It  is 
seen  from  Fig.  3b  that  there  is  only  one  anodic  (oxidation)  peak  and 
one  cathodic  (reduction)  peak  on  the  CV  curve.  The  difference 
between  the  anodic  and  cathodic  peaks  is  about  100  mV.  The 
difference  AEor  (Eo-Er)  between  the  oxidation  potential  and  the 
reduction  potential  can  be  taken  as  a  measure  of  the  reversibility  of 
the  electrode  reaction  [10,36].  The  smaller  the  value  of  AEo  is,  the 
higher  reversibility  of  the  reaction  is.  Comparing  the  AE0r  value 
observed  in  this  work  with  those  reported  in  the  literature  (e.g., 
120  mV  for  tubular  Ni(OH)2  and  180  mV  for  spherical  powder)  [10], 
the  smaller  AE0r  observed  in  this  work  indicated  a  good  revers¬ 
ibility  of  the  electrochemical  redox  reaction  for  the  composite 
electrode.  In  addition,  the  difference  between  the  oxygen  evolution 
potential  (Eoe)  and  E0  is  another  important  indicator  for  raising  the 
oxygen  evolution  overpotential  [17,37].  The  larger  the  value  is,  the 
better  the  charge  efficiency  of  the  active  material  is.  That  is,  a  large 
difference  between  Eoe  and  Eo  allows  fully  oxidation  of  Ni  (II)  to  Ni 
(III)  before  the  evolution  of  the  oxygen.  The  potential  difference 
(Eoe— Eo)  was  130  mV  for  the  present  electrode,  higher  than  that 
reported  in  the  literature  [10,17].  Thus,  composite  material 
RGOCNT-15-4  is  an  excellent  pseudocapacitive  electrode  material. 

Fig.  3c  shows  the  galvanostatic  charge-discharge  curves  at 
various  discharge  current  densities  ranging  from  1  to  20  A  g-1.  It 
was  calculated  that  the  specific  capacitance  was  as  high  as 
1235  F  g^1  at  the  discharge  rate  of  1  A  g-1  based  on  the  total 


Binding  Energy  (eV) 

Fig.  2.  Ni  2p3/2  core-level  XPS  spectra  of  sample  RGOCNT-15-4  before  and  after 
electrochemical  conversion  using  the  cyclic  voltammetry  method  in  a  6  M  KOH 
electrolyte. 
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Potential  (V  vs  Ag/AgCI)  Potential  (V  vs  Ag/AgCI) 


Fig.  3.  Electrocapacitive  properties  of  sample  RGOCNT-15-4:  (a)  CV  curves  at  various  scan  rates,  (b)  CV  plot  at  a  scan  rate  of  5  mV  s  (c)  galvanostatic  charge-discharge  curves  at 
different  current  densities,  and  (d)  specific  capacitance  as  a  function  of  discharge  current. 


electrode  mass.  More  importantly,  the  rate  performance  of  the 
composite  electrode  (Fig.  3d)  showed  that  the  specific  capacitance 
values  were  as  high  as  850  F  g_1  and  780  F  g_1  when  the  discharge 
rate  increased  to  10  A  g-1  and  20  A  g_1,  respectively,  indicating 
a  very  promising  electrode  for  high-energy  and  high-power 
supercapacitors.  It  should  be  noted  that  nickel  hydroxide  has 
a  low  operating  potential  window  ( ~  0.5  V).  This  drawback  can  be 
overcome  by  fabricating  asymmetric  electrochemical  capacitors 
with  nickel  hydroxide  as  the  positive  electrode  and  carbon  as  the 
negative  electrode. 

To  examine  the  effect  of  CNTs  and  nickel  species  on  the 
performance  of  the  RGOCNT  composites,  electrochemical 
measurements  were  carried  out  on  another  two  samples  with 
longer  CNTs  (RGOCNT-30-2)  and  less  nickel  content  (RGOCNT-15- 
0.6).  Their  CV  curves  are  shown  in  Fig.  S3  and  the  electrochemical 
properties  are  compared  with  pure  RGO  sample  and  commercial 
multi-walled  CNTs  (MWCNTs)  in  Table  1. 

The  CV  curves  (Fig.  S3)  for  both  RGOCNT-15-0.6  and  RGOCNT- 
30-2  electrodes  showed  one  pair  of  reversible  redox  peaks  (one 
anodic  and  one  cathodic  peak),  similar  to  that  of  sample  RGOCNT- 
15-4,  indicating  highly  reversible  electrode  reaction  between  Ni  (II) 
and  Ni  (III).  The  small  value  of  A£0r  and  large  potential  difference 
between  Eqe  and  Eq  shown  in  Table  1  provide  additional  support  on 


Table  1 

Electrochemical  characteristics  of  various  electrode  materials. 


Samples 

i 

(Ag-1) 

3 

(Ag-1; 

5 

)  (Ag-1; 

10 

)  (Ag-1; 

20 

)  (Ag-1 

Eo-Er 
)  (mV) 

Eoe-Eo 

(mV) 

RGOCNT-15-4 

1235 

969 

920 

850 

780 

100 

130 

RGOCNT-15-0.6 

385 

344 

309 

268 

220 

100 

144 

RGOCNT-30-2 

43 

41 

39 

40 

36 

83 

138 

RGO 

88 

78 

76 

73 

69 

- 

- 

MWCNT 

21 

20 

20 

20 

20 

— 

— 

the  redox  reaction.  Flowever,  other  characteristics  of  the  three 
composite  electrodes  are  different.  Comparing  the  CV  curves  of 
RGOCNT-15-0.6  (Fig.  S3a)  with  that  of  RGOCNT-15-4  (Fig.  3a), 
a  lower  specific  current  was  obtained  from  the  former.  When 
RGOCNT-30-2  with  longer  CNTs  was  used  as  electrode,  a  lower 
specific  current  was  seen  (Fig.  S3b).  This  is  an  indication  of  the 
inferior  capacitive  performance  of  RGOCNT-30-2  than  that  of 
RGOCNT-15-4  and  RGOCNT-15-0.6. 

Fig.  4  shows  the  average  specific  capacitance  against  discharge 
current  for  different  electrode  materials.  It  is  seen  that  both 
RGOCNT-15-4  and  RGOCNT-15-0.6  outperformed  other  electrode 
materials.  The  best  capacitive  performance  was  observed  from 
electrode  Ni(OFI)2-embedded-RGOCNT-15-4  in  the  whole  current 
density  range.  While  RGOCNT-30-2  showed  an  inferior  perfor¬ 
mance,  its  specific  capacitance  value  was  two-fold  higher  than  that 
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Fig.  4.  Specific  capacitance  again  discharge  current  for  various  electrode  materials. 
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Fig.  5.  Nyquist  plots  of  (a)  different  electrode  materials,  and  (b)  samples  RGOCNT-15-4  and  GOCNT-15-4. 


of  the  commercial  MWCNTs  with  good  rate  performance.  In  the 
present  work,  pure  GO  was  also  used  as  the  substrate  to  grow  CNTs 
to  prepare  GOCNT-15-4  composite  under  similar  experimental 
conditions  as  that  of  RGOCNT-15-4.  In  strong  contrast  to  the 
Ni(OH)2-embedded-RGOCNT-15-4,  sample  GOCNT-15-4  showed 
a  significantly  inferior  electrochemical  performance  with  a  specific 
capacitance  value  less  than  5  F  g_1  as  seen  from  Fig.  4.  Such 
a  remarkable  difference  in  capacitive  performance  of  the  composite 
electrodes  arose  from  their  different  physical  and  chemical 
properties. 

The  electrochemical  impedance  spectroscopy  (EIS)  technique 
was  employed  to  assess  the  electrochemical  frequency  behavior  of 
various  electrode  materials  in  an  alkaline  solution.  The  EIS  data 
were  analyzed  using  Nyquist  plots  and  are  presented  in  Fig.  5.  It  is 
clearly  seen  from  Fig.  5a  that  all  RGOCNT  composites  displayed 
a  better  ionic  transport  behavior  than  that  of  the  pure  RGO  elec¬ 
trode  and  the  commercial  MWCNT  electrode  as  evidenced  by  the 
negligible  high  frequency  resistor-capacitor  (RC)  loops  or  semi¬ 
circles  and  the  smaller  Warburg  region  for  the  RGOCNT  electrodes 
[24,25,38].  The  total  resistance  obtained  from  the  Nyquist  plots  was 
in  the  order  of  RGOCNT-30-2  (1.7  Q)  <  RGOCNT-15-4 
(2  Q)  <  RGOCNT-15-0.6  (2.3  Q)  <  RGO  (2.8  Q)  <  commercial 
MWCNTs  (4.5  Q).  On  sharp  contrast,  a  very  strong  ion  diffusion 
resistance  was  obtained  from  GOCNT-15-4,  which  had  a  total 
resistance  of  30  Q. 

Room  temperature  electrical  conductivity  was  measured  using 
the  two-probe  method  [28,29].  It  was  found  that  after  pillaring  RGO 
platelets  with  CNTs,  the  electrical  conductivity  was  increased  from 
277  S  m-1  to  457  S  m-1.  Therefore,  both  the  EIS  and  the  electrical 
conductivity  data  confirmed  that  the  RGOCNT  composites 
possessed  a  very  good  electric  conductivity,  which  is  favorable  for 
applications  requiring  fast  electron  and  ionic  transportation. 

Table  SI  summarizes  the  porous  properties  and  the  chemical 
compositions  of  the  samples.  It  is  seen  that  sample  RGOCNT-30-2 
had  the  lowest  specific  surface  area  of  26  m2  g_1,  similar  to  that 
of  the  commercial  MWCNTs.  The  other  two  RGOCNT  composites 
with  shorter  CNTs  both  had  a  higher  specific  surface  area 
(350  m2  g-1  for  RGOCNT-15-4  and  307  m2  g_1  for  RGOCNT-15-0.6). 
In  addition,  based  on  the  XPS  analysis,  the  mass  content  of  nickel 
was  found  to  be  21.7  wt%,  7.6  wt%  and  4.3  wt%  for  samples  RGOCNT- 
15-4,  RGOCNT-15-0.6  and  RGOCNT-30-2,  respectively.  With  the 
similar  specific  surface  area  of  samples  RGOCNT-15-4  and  RGOCNT- 
15-0.6,  nearly  three  times  more  nickel  content  in  the  former  led  to 
largely  enhanced  capacitance  value  than  the  later.  While  RGOCNT- 


30-2  showed  a  similar  porosity  with  that  of  the  commercial 
MWCNTs,  the  slightly  larger  capacitance  value  was  probably  due  to 
the  pseudocapacitance  of  the  nickel  hydroxide. 

The  intimate  contact  between  the  nickel  hydroxide  with  the 
carbon  nanotube  is  another  important  and  unique  characteristic  of 
the  3D  nanostructures  described  in  this  paper.  As  the  nickel 
nanoparticles  were  semi-embedded  into  the  CNTs  in  the  composite 
structure,  the  wall  of  the  CNT  can  ‘hold’  the  Ni  species  firmly  during 
the  electrochemical  reaction.  On  the  other  hand,  the  active  material 
was  highly  accessible  and  the  size  of  the  Ni  nanoparticles  (30- 
40  nm)  was  just  appropriate  for  the  efficient  utilization  of  their 
pseudoproperties  [15].  Indeed,  the  electrochemical  stability  test 
(Fig.  6)  showed  that  composite  electrode  RGOCNT-15-4  retained 
80%  of  its  original  capacitance  after  500  cycles  at  a  very  high 
discharge  current  density  of  10  A  g-1,  indicating  a  good  cycle  ability 
of  the  composite  electrode. 

Table  2  compares  some  important  electrocapacitive  character¬ 
istics  (obtained  under  similar  characterization  conditions)  of 
various  psedudocapacitor  electrode  materials  reported  in  the 
literature  with  that  of  the  composite  materials  prepared  in  this 
work.  The  advantages  of  our  materials  in  terms  of  specific  capaci¬ 
tance,  rate  capability  and  cycle  stability  are  clearly  seen,  indicating 
the  composite  materials  are  potential  electrode  for  high- 
performance  supercapacitor  application. 


Fig.  6.  Cycling  performance  of  sample  RGOCNT-15-4  at  a  discharge  current  density  of 
10  A  g-’. 
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Table  2 

A  comparison  of  various  pseudocapacitor  electrodes. 


Materials 

Preparation  method 

Electrical  conductivity 
(S  ITT1) 

Specific  capacitance 

(Fg-’)a 

Specific  capacitance  at 
the  highest  current 
density  (F  g_1)b 

Cycle  stability 

Ni(OH)2-RGOCNT 
(this  work) 

CVD  +  electrochemical 
conversion 

457 

1235  Fg"1  atl  Ag"1 

780  F  g"1  at  20  A  g"1 

80%  Capacity  retained 
after  500  cycles  at  10  A  g_1 

Ni(OH)2-GS  [8] 

Hydrolysis  +  hydrothermal 
treatment 

Not  reported 

935  F  g"1  at  2.8  A  g"1 

667  F  g"1  at  45  A  g"1 

No  obvious  capacity  loss 
after  2000  cycles  at  28  A  g_1 

Ni(OH)2-Ni  foam  [9] 

Electrodeposition 

Not  reported 

3152  Fg"1  at  4  Ag"1 

280  Fg"1  at  16  A  g"1 

52%  Capacity  retained 
after  300  cycles  at  4  A  g_1 

Ni(OH)2-AC  [18] 

Chemical  precipitation 

Not  reported 

314  F  g_1  at  2  mV  s_1 

Not  evaluated 

85%  Capacity  retained 
after  350  cycles  at  0.04  A  g_1 

Porous  NiO  film  [39] 

Chemical  bath  deposition  + 
template  removal 

Not  reported 

309  F  g"1  at  1  A  g"1 

221  F  g"1  at  40  A  g"1 

89%  Capacity  retained 
after  4000  cycles  at  1  Ag"1 

3-Ni(OH)2  film  [7] 

Chemical  bath  deposition 

Not  reported 

398  F  g"1  at  5  mV  s"1 

92  Fg"1  at  150  mV  s"1 

Not  evaluated 

Ni(OH)2 

nanoflakes  [15] 

Hydrothermal  treatment 

Not  reported 

1715  Fg"1  at  5  mV  s"1 

574  Fg"1  at  100  mV  s"1 

78%  Capacity  retained 
after  2000  cycles  at  50  mV  s_1 

a  The  specific  capacitance  was  all  measurement  under  similar  experimental  condition  with  a  three-electrode  cell  configuration. 
b  The  specific  capacitance  measured  at  the  highest  current  density  in  the  respective  literature  report. 


4.  Conclusions 

In  summary,  we  have  demonstrated  the  preparation  of  3D 
Ni(OH)2-embedded-RGOCNT  composite  materials  with  excellent 
electrocapacitive  properties.  The  symmetric  supercapacitor  based 
on  electrode  RGOCNT-15-4  exhibited  a  high  specific  capacitance 
(1235  F  g-1  at  a  current  density  of  1  A  g-1)  with  an  excellent  rate 
capability  and  a  good  cycle  stability.  The  unique  advantages  of  such 
3D  nanostructures  as  a  supercapacitor  electrode  include  fast  ion 
and  electron  transfer  throughout  the  electrode  matrix,  highly 
accessible  pseudoactive  materials  with  efficient  utilization,  excel¬ 
lent  reversible  redox  reactions  of  the  nickel  hydroxide  nano¬ 
particles  and  the  strong  interaction  between  the  carbon  matrix  and 
the  pseudoactive  material.  We  have  also  shown  that  the  use  of 
a  conducting  substrate  (RGO),  the  morphology  of  the  carbon 
nanotube  and  the  amount  of  nickel  particles  strongly  affect  the 
electrochemical  performance  of  the  composite  materials.  Consid¬ 
ering  the  excellent  capacitive  performance  of  the  Ni(OH)2 
embedded-RGOCNT  composite  material,  coupling  this  new  carbon 
material  with  a  suitable  counter  electrode  to  fabricate  asymmetric 
capacitors  may  boost  the  electrocapacitive  performance. 
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